Crosses between Drosophila melanogaster females and Drosophila simulans males produce hybrid sons that die at the larval stage. This hybrid lethality is suppressed by loss-of-function mutations in the D. melanogaster Hybrid male rescue (Hmr) 
Introduction
The reduced fertility and viability of interspecific hybrids are widely observed causes of reproductive isolation that contribute to speciation. According to the classical Dobzhansky-Muller (D-M) model of hybrid incompatibility (HI), two or more loci that had independently diverged in nascent species can lead to deleterious HI effects when combined in interspecific hybrids. Although the D-M model is generally accepted and numerous HI genes have been identified, the cytological and molecular mechanisms underlying HI are still poorly understood (reviewed in Presgraves, 2010; Maheshwari and Barbash, 2011) .
Hybrids produced with Drosophila melanogaster offer strong opportunities to investigate mechanisms that cause HI (Barbash 2010) . Crosses between D. melanogaster females and Drosophila simulans males produce viable but sterile females and no males, which die at the larval stage. This hybrid lethality is suppressed by loss of function mutations in the D. melanogaster Hybrid male rescue (Hmr) gene or in the D. simulans Lethal hybrid rescue (Lhr) gene (Maheshwari and Barbash, 2011) . The hybrid phenotype of these mutations indicates that hybrid lethality is caused by the wild type alleles of these genes, which are therefore functioning as gain-of-function mutations in the hybrid background. Hybrid male larvae from crosses between D. melanogaster females and D. simulans males die prior to pupal differentiation and exhibit small brains and an almost complete absence of imaginal discs. Most cells in the brains of these larvae appear to be arrested either in G1 or G2, and the few dividing cells display defects in chromosome morphology (Orr et al., 1997; Bolkan et al., 2007) .
A crucial step to elucidate how the interaction of Hmr and Lhr leads to hybrid lethality is to understand first their biological roles in each of the two species. Studies carried out in D.
melanogaster have shown that neither Hmr nor the orthologue of D. simulans Lhr (henceforth designated Lhr without specifying that it is the D. melanogaster gene) is an essential gene. Flies homozygous for null mutations in either Hmr or Lhr are viable but have reduced female fertility (Aruna et al., 2009; Satyaki et al., 2014) .
The Hmr and Lhr proteins are chromosome-associated and enriched in the heterochromatin. In interphase embryonic cells, both proteins largely co-localize with the heterochromatin markers HP1a and H3K9me2 (histone H3 di-methylated at K9) (Maheshwari and Barbash, 2012; Satyaki et al., 2014) . In polytene chromosomes, Hmr and Lhr are enriched in both the alpha-and beta-heterochromatin of the chromocenter, in a few euchromatic bands, and at the telomeres Satyaki et al., 2014) . Alpha heterochromatin occupies a small area in the middle of the chromocenter and contains mitotic heterochromatin and satellite DNAs, which are severely underreplicated in polytene chromosomes. Alpha heterochromatin is connected to the euchromatic chromosome arms by beta heterochromain, which is enriched in diverse arrays of unique and repetitive DNA sequences but not in satellite DNA (Miklos and Cotsel, 1990; Gatti and Pimpinelli, 1992) . Consistent with their heterochromatic and telomeric localizations, Hmr and Lhr associate with heterochromatin protein 1a (HP1a), and Hmr and Lhr interact with each other in the yeast twohybrid assay, suggesting that the three proteins are part of a complex within which Hmr and Lhr interact directly Alekseyenko et al., 2014; Satyaki et al., 2014) . Thomae et al. (2013) proposed that Hmr and Lhr are centromere proteins. This suggestion was based on three main findings. They reported that in interphase imaginal disc cells, Hmr and Lhr colocalize with heterochromatic regions that are largely coincident with those immunostained for the centromere markers Cid and Cenp-C ( Thomae et al., 2013) . Using tandem co-purification experiments followed by mass spectrometry, and additional co-precipitation experiments, they identified 60 Hmr-Lhr interacting proteins including Cenp-C that is a centromere-specific component (Heeger et al., 2005) , as well as HP1 and HP6/Umbrea that are enriched in centromeric heterochromatin (Greil et al., 2007; Ross at al., 2013) . They also observed lagging chromosomes in anaphases of Hmr-and Lhr-depleted cells . Several aspects of their report, however, leave open alternative interpretations about Hmr and Lhr function. First, many of the copurifying proteins they identified have non-centromeric functions. For example, HP1a and HP6/Umbrea localize also in non-centromeric heterochromatic regions and at telomeres, and HP1a has been shown to prevent telomere fusion in somatic cells (Fanti et al, 1998; Joppich et al., 2009; Vermaak and Malik, 2009; Elgin and Reuter, 2013) . In addition, three identified proteins are components of the Drosophila telomere-capping complex (Ver, Moi and CG30007/Tea), identified by lethal mutations that cause frequent telomeric fusions in larval brain cells (Raffa et al., 2009; Raffa et al 2010; Cicconi et al., 2016; Zhang et al., 2016) . Thus, the interactions between Hmr-Lhr and proteins such as HP1a, HP6/Umbrea do not necessarily occur at centromeres. Second, centromeric localization of Hmr and Lhr was not observed in metaphase chromosomes , nor did Lhr co-localize with Cid in embryonic interphase nuclei (Maheshwari et al, 2012) .
Third, the centromeric role of Hmr and Lhr proposed by Thomae et al is unclear, because they found that loss of neither Hmr nor Lhr affects centromeric localization of essential centromere/kinetochore components including Cid, Cenp-C, Ndc80, Incenp, Polo and Rod.
We therefore investigated here using extensive cytological analysis of larval brain cells whether Hmr and Lhr affect centromere function, or potentially a different aspect of chromosome segregation. We found that these mutants exhibit very low levels of telomeric fusions. However, they displayed relatively high frequencies of incomplete chromosome breaks, namely broken chromosomes without the corresponding fragment or complete chromosome complements plus an extra acentric fragment. These two types of chromosome aberrations are likely generated during anaphase (Mengoli et al., 2014) . Notably, we did not observe aneuploid cells with unbroken chromosomes in either Hmr or Lhr mutant brains or failure of the centromeres to separate and move towards the poles. In addition, immunolocalization experiment in larval brain cells showed that neither Hmr-HA nor Lhr-HA localizes to the centromeres throughout the cell cycle. Thus, our results strongly suggest that the Hmr-Lhr complex is not required for centromere or kinetochore function.
Materials and Methods

Drosophila strains and crosses
Hmr
3 , also called Hmr EY12237 , carries a {EPgy2} insertion within the gene and is a null allele by genetic criteria (Aruna et al., 2009) . Lhr KO , generated by a targeted w + insertion within the gene, carries a 26 bp deletion of the coding sequence and is also a null mutation (Satyaki et al., 2014 Lhr KO /Lhr KO females) from these crosses were then examined for chromosome integrity and mitotic cell morphology. The FM7-Tb and CyO-Tb balancers, which carry the dominant larval marker Tb, are described in Lattao et al. (2011) .
Chromosome cytology
To analyze chromosome aberrations in metaphases, brains from third-instar larvae were dissected in saline (NaCl 0.7%) and incubated for 1h in saline with colchicine (10 -5 M); brains were then treated for 8 min with hypotonic solution (0.5% Na Citrate), and squashed in 45% acetic acid under a 20 x 20 mm coverslip. To analyze anaphases and assess mitotic parameters, larval brains were dissected in saline and directly squashed in 45% acetic acid without colchicine and hypotonic pretreatment.
Both types of chromosome squashes were frozen in liquid nitrogen; after flipping off the coverslip slides were air dried and then mounted in Vectashield H-1200 (Vector Laboratories, Burlingame, CA) with DAPI (4,6 diamidino-2-phenylindole) to stain the chromosomes and reduce fluorescence fading.
Subcellular localization of Hmr-HA and Lhr-HA
The Hmr-HA and Lhr-HA transgenes were described previously (Maheshwari and Barbash 2012; Satyaki et al. 2014) . To examine their localization in larval brain cells, brains from crawling third instar larvae were dissected in PBS, transferred to 0.5% Na citrate for 10-20 minutes, and transferred onto a 25µl drop of fixative (4% formaldehyde in PBST). While being fixed (for 4 minutes), the brains were manually dissected into smaller pieces to ensure better spread of cells.
After fixation, the tissues were squashed and frozen in liquid nitrogen. After flipping off the coverslips, slides were washed in PBS for ~1hr, and incubated overnight with primary antibodies (chicken anti-Cid; 1:500, generated at Covance against the peptide AKRAPRPSANNSKSPNDD;
and rat anti-HA, 1:100, Sigma-Aldrich) in 3% BSA in PBST at 4°C. The slides were washed in PBS for ~1 hour and then incubated overnight with secondary antibodies (anti-Chicken AlexaFluor-488, anti-rat AlexaFluor-568) at 4°C. The slides were washed for ~1hr and mounted in Vectashield H-1200 (Vector Laboratories, Burlingame, CA) with DAPI (4,6 diamidino-2-phenylindole).
Mitotic chromosome and spindle immunostaining
For immunostaining with anti-tubulin and anti phospho-histone H3 (PH3) antibodies, brains from third instar larvae were dissected in saline, fixed in formaldehyde and squashed as described in Bonaccorsi et al. (2000) . For PH3 immunostaining, preparations were incubated overnight at 4°C with a rabbit anti-PH3 (Ser10) antibody (Upstate Biotechnology, Lake Placid, NY) diluted 1:100 in PBS with 5% goat serum. The anti-PH3 antibody was detected by a 1-hour incubation at room temperature with an Alexa 555-conjugated anti-rabbit IgG (Molecular Probes, Eugene, OR) diluted 1:300 in PBS. For tubulin immunostaining slides were incubated overnight at 4°C with an anti-α tubulin monoclonal (DM1A diluted 1:100; Sigma), which was detected by a 1-hour incubation at room temperature with FITC-conjugated anti-mouse (1:100, Jackson Laboratories, Bar Harbor, ME) diluted in PBS. All cytological preparations were mounted in Vectashield H-1200 with DAPI and images were captured with a CoolSnap HQ CCD camera (Photometrics; Tucson, AZ)
connected to a Zeiss Axioplan fluorescence microscope equipped with an HBO 100 W mercury lamp.
Results
Structure of chromosomes in Hmr and Lhr mutant stocks
Because both Hmr and Lhr have been implicated in the maintenance of heterochromatin, we first examined the mitotic chromosomes of each mutant for the structure of the heterochromatic regions.
This is an important control to exclude the possibility that the chromosome aberration phenotypes that we describe below are due to chromosomal abnormalities that pre-exist in the mutant stocks that we are using. We crossed mutant males with wild type Oregon-R females and then examined the heterozygous progeny for the DAPI banding pattern of larval brain heterochromatin. In late prophase cells of these larval brains the Oregon-R chromosome is paired with its mutant homologue, facilitating a comparison between the heterochromatic regions. Because the Hoechst banding pattern of the Oregon-R heterochromatin (which is identical to that obtained with DAPI)
has been carefully characterized (reviewed by Gatti and Pimpinelli, 1992) , this analysis permitted us to assess precisely whether the heterochromatic regions of the chromosomes from the Hmr 3 and Lhr KO stocks are different from those of Oregon-R wild type flies. We found that the heterochromatic regions of both mutants are virtually identical to those of Oregon-R, with a minor difference in the most distal fluorescent bands of the 3R heterochromatin in Lhr KO flies (Figure 1) .
Although the precise nature of this difference is not clear, it is certainly insufficient to account for the range of chromosome aberrations described below ( Figure 2 , tables 1 and 2). . We incubated brains in saline with colchicine for 1 hour before hypotonic treatment and fixation. Colchicine arrests mitotic cells in metaphase and hypotonic treatment results in chromosome spreading. Preparations obtained in this way allow unambiguous assessment of both chromosome aberrations and telomeric fusions (Gatti and Goldberg 1991; Cenci et al, 1997 Oregon-R controls, all of which showed from 0.3 to 0.7 % cells with chromosome aberrations (Gatti et al., 1974; Gatti, 1979; Benna et al, 2010; Marzio et al 2014; Merigliano et al, 2017) . The TF frequencies observed in Hmr 3 and Lhr KO mutants are very low but are nonetheless a clear departure from normality, given that the TF frequency in control cells is virtually zero (Table 1) .
Mutations in Hmr and Lhr cause chromosome aberrations but not aneuploid cells in larval brains
Most chromosome aberrations observed in the mutants were isochromatid breaks in which both sister chromatids are broken at the same location. Notably, more than 60% of these isochromatid breaks were incomplete; that is, they consisted either of a centric fragment without the corresponding acentric element or of an acentric fragment associated with a normal chromosome complement ( Figure 2 ). These incomplete isochromatid breaks are rather rare in other mutants that exhibit chromosome aberrations (mei-9, mei-41 (ATR), tim2, dPdxk, tws) , where they ranged from 2 to 5% of total isochromatid breaks (Gatti, 1979; Benna et al., 2010; Marzio et al 2014; Merigliano et al., 2017) . Such incomplete isochromatid breaks are in contrast very frequent in Topoisomerase2 (Top2) mutants, where they are caused by the rupture of chromosome bridges generated during anaphase due to failure of sister chromatid decatenation (Mengoli et al. 2014) . Although incomplete isochromatid breaks and at least some complete isochromatid breaks are likely to result from breaks generated during anaphase (Figure 3 ), chromatid deletions (breaks involving only one of the two sister chromatids; see Figure 2 and Table   1 ) cannot be the outcome of anaphase defects but rather must result from lesions produced during S or G2 phase. Thus, the low frequencies of chromatid deletions observed in Lhr and Hmr (~0.1-0.8%) are likely to reflect the presence of double strand breaks leading to chromosome breakage (Obe et al. 2002; Durante et al. 2013 ).
In both Hmr and Lhr mutants, more than 70% of all breaks are located in heterochromatin or at the junction between euchromatin and heterochromatin (henceforth designated as heterochromatic breaks). In previous studies, mutants in mei-9, mei-41, mus-102 and X-ray treated wild type cells displayed 40-50% heterochromatic breaks, while mutants in mus-105 and mus-109 showed 18%
and 81% heterochromatic breaks, respectively (Table S1 ). The proportion of breaks in the Y chromosome in males is also higher for Hmr and Lhr than any previous condition analyzed. It is likely that the high frequency of heterochromatic breaks observed in Hmr and Lhr mutants reflects a specific fragility of heterochromatin and euchromatin-heterochromatin junctions during anaphase, similar to that observed in Top2 mutants (Mengoli et al, 2014) . However, while in Top2 mutants most incomplete isochromatid breaks involve the Y chromosome and a distal heterochromatic region in the 3L arm (region h47), in Hmr and Lhr mutants isochromatid breaks involve the Y and both the second and the third chromosome heterochromatin (Tables 1 and 2 ). Assessing isochromatid breaks within the X chromosome heterochromatin was difficult because breaks that separate the DAPI-bright from DAPI-dull region of X heterochromatin produce fragments that closely resemble a fourth chromosome and an autosomal arm, respectively.
In both the single and the double mutants, hyperploid cells were quite rare, ranging from only 0.2 to 0.3%. This is not due to a low survival rate or low division potential of hyperploid cells, because this type of cell is very frequent in Drosophila mutants defective in chromosome segregation. For example, mutants in the zw10 gene that encodes a component of the spindle checkpoint machinery display 50-60% hyperploid cells (Smith et al., 1985; Williams et al., 1992) . Similarly, mutants in the mitch gene that specifies a subunit of the Ndc80 kinetochore complex exhibit 43% hyperploid cells (Williams at al., 2007) .
Analysis of cell division in non-colchicine-treated cells from Hmr and Lhr mutant brains reveals abnormal anaphases
To obtain insight into the mechanism leading to the incomplete chromosome aberrations observed in colchicine treated cells, we examined mitotic division in mutant brains in the absence of colchicine or hypotonic treatment, in order to directly visualize anaphase. We first determined the mitotic index and the frequencies of anaphases in suggesting that mutant cells progress through mitosis at the same rate as wild type cells (Table 3) .
We next examined anaphase figures in both Hmr and Lhr single mutants and Hmr; Lhr, double mutants. We found that a substantial fraction of mutant anaphases (ranging from ~12 to 16.5%; Figure 4 , Table 4 ) display chromosome bridges, bridges plus fragments, or acentric fragments, but no anaphases showed intact lagging chromosomes. These observations support the hypothesis that the incomplete aberrations shown in Figure 2 were generated by chromosome breakage occurring during a previous anaphase. The defective anaphases observed in Hmr and Lhr mutants are unlikely to be the outcome of telomeric fusions, as the TF frequency is approximately 20-fold lower than that of aberrant anaphases (Table1).
Finally, we examined preparations fixed with formaldehyde and stained for tubulin and DNA, and counted the cells with prometaphase/metaphase spindles showing aligned or unaligned chromosomes. This analysis revealed no differences between wild type controls and mutant cells, suggesting that neither Hmr nor Lhr are required for formation of the metaphase plate ( Figure 5 ; Table 5 ).
Dynamic behavior of Hmr and Lhr during mitotic division
To gain further insight into the roles of Hmr and Lhr, we stained brain preparations from larvae that express either Hmr-HA or Lhr-HA with anti-HA and anti-Cid (a centromere marker homologous to Cenp-A) antibodies. We found that Hmr and Lhr exhibit very similar dynamic behaviors in both male (Figures 6 and 7 ) and female cells (Figures S1and S2) . In interphase cells, Lhr and Hmr showed similar localizations near but not overlapping with the DAPI-bright heterochromatin and did not co-localize with Cid ( Figures 6A, 7A , S1A and S2A). This localization pattern suggests that both proteins are enriched in heterochromatin regions that are not fluorescent after DAPI or Hoechst 33258 staining (see Gatti and Pimpinelli, 1992 , for a map of mitotic heterochromatin). In the only very early prophase we were able to find, where only heterochromatin has started to condense and euchromatin is still diffuse, Lhr was clearly associated with heterochromatin and concentrated in chromosomal regions that are not DAPI-bright ( Figure 7B ). Lhr was also associated with dully-fluorescent heterochromatic regions in another early prophase in which euchromatin was visible but poorly condensed ( Figure S2B ). In all other prophases stained for Lhr (9 male and 10 female prophases), Lhr was not associated with the chromosomes and exhibited a diffuse nucleoplasmic localization ( Figures 7C, and S2C ). Hmr was dispersed within the nucleoplasm and did not exhibit a clear accumulation in dully-fluorescent heterochromatic regions of the chromosomes in all the 5 male and 7 female prophases scored. We only observed an occasional
Hmr accumulation at a small pericentromeric chromosomal region (figure S1B) (likely 2R
heterochromatin, based on its localization on metaphase chromosomes). However, none of the prophases stained for Hmr was a very early one, like that shown for Lhr in Figure 7C . Thus, we cannot exclude that Hmr remains associated with heterochromatin during the earliest stages of prophase like Lhr does. Regardless of this possible small difference in behavior, however, our results strongly suggest that both Lhr and Hmr mostly dissociate from the chromosomes during early prophase.
Lhr was consistently dissociated from the chromosomes in prometaphase (n=14) and metaphase (n=11) cells (Figures7D and S2D) . Hmr too was mostly dissociated from prometaphase and metaphase chromosomes ( Figures 6C, S1D ), but in a fraction of the cells (4/12 in males, 12/28 in females) a small amount of Hmr was concentrated in a single non-fluorescent region of the 2R heterochromatin (region h42 according to the heterochromatin map of Gatti and Pimpinelli, 1992) , well separated from the centromeric region marked by Cid ( Figures 6D and S1C ). Because this accumulation of Hmr in region h42 is seen in prophase ( Figure S1B ), it likely results from a failure of Hmr to dissociate from heterochromatin when cells enter mitosis. During anaphase, both Hmr and Lhr become incorporated again into heterochromatin (figures 6E, n=6; 7E, F, n=7; S1E, n=11; S2E, n=3). In some early anaphases, Lhr was concentrated in regions distal to both the chromosomes and the Cid signals, which likely to correspond to the spindle poles ( Figure 7E ). This observation raises the intriguing possibility that Lhr travels towards the spindle poles along the microtubules, so as to favor its recruitment by the pericentric heterochromatin. Finally, we note that in both Hmr-HA and Lhr-HA expressing cells, the non-chromocentral regions of interphase nuclei were faintly stained, suggesting that while the bulk of Hmr and Lhr is in the heterochromatin, small amounts of these proteins are associated with euchromatin.
In summary, these results show that Lhr and Hmr colocalize with the non-DAPI-bright heterochromatin but not with the Cid-stained centromeres during interphase. Both Lhr and Hmr mostly dissociate from heterochromatin during prophase, and return to the heterochromatin during anaphase. To explain the slightly different dynamic behaviors of Lhr and Hmr we hypothesize that the two proteins usually form a complex when incorporated into heterochromatin but are partially independent when they dissociate and reassociate with heterochromatin. The results reported here agree with previous observations in embryos, showing that Lhr does not co-localize with Cid signals or with the 359 bp and the AATAT satellite DNAs, which are both strongly fluorescent after DAPI staining (Maheshwari and Barbash, 2012) . However, Maheshwari and Barbash (2012) showed that in embryonic metaphases Lhr concentrates next to the dodecasatellite DNA that marks the third chromosome, while here we observed Hmr but not Lhr localization to chromosome 2 heterochromatin. These results are subject to two interpretations. It is possible that Lhr concentrates in the third chromosome heterochromatin also in brain cells, and that we failed to detect it due to differences in the fixation and/or immunostaining procedures. Alternatively, Lhr might specifically accumulate in the third chromosome heterochromatin only in embryonic cells. Regardless, the different chromosomal localizations during metaphase reinforce the conclusion that Hmr and Lhr can have partially independent localizations.
Aberrant chromosome condensation but normal centromere function in hybrid males
We next turned to an analysis of the mitotic phenotype of brains from hybrid third-instar larvae generated by crosses between D. melanogaster females and D. simulans males, in order to determine whether or not hybrids show similar phenotypes to the D. melanogaster Hmr and Lhr mutants. We first examined colchicine-treated metaphases from larval brains of viable hybrid females, and found that the chromosomes of these metaphases are morphologically indistinguishable from those of wild type females. In addition, we found that larval brain metaphases of these females have a very low rate of chromosome aberrations (<1% ; Table S2 ), fully comparable to that of wild type controls.
Consistent with previous results (Orr et al., 1997; Bolkan et al., 2007) , hybrid male larvae displayed small brains, were devoid of imaginal discs, and had low frequencies of mitotic divisions; hybrid male cells were found to be predominantly stalled in interphase with only a few M-phase cells escaping the interphase block (Bolkan et al., 2007) . To define the mitotic phenotype in these hybrid brains we first examined brain squash preparations, without colchicine and hypotonic pretreatments.
This analysis revealed that hybrid male brains exhibit an about 5-fold reduction of the mitotic index compared to brains from either D. melanogaster or D. simulans third instar larvae, a reduction also seen previously (Bolkan et al., 2007) .
To evaluate chromosome condensation and integrity, we next treated hybrid male brains with hypotonic solution in the absence of colchicine pretreatment, and then immunostained preparations with an anti-phospho histone H3 antibody that marks mitotic chromatin (Wei et al., 1999) . We found several types of defects in chromosome structure, and none of the 100 cells we examined appeared completely normal. 31% of mitotic cells were prophase-like cells with elongated and poorly condensed chromosomes enriched in phospho histone H3 ( Figure 8B ). Similar cells were also observed in third-instar larval brains of D. melanogaster and D. simulans males, but in each species prophases accounted for no more than 10% of the mitotic figures (n > 100 in each species).
An increase in prophase cells in hybrids was previously observed by Bolkan et al., (2007) . This finding suggests that in hybrid male prophases, chromosome condensation is delayed compared to the parent species. The hybrid male brains also showed substantial defects in chromosome condensation at later mitotic stages. 50% of dividing cells were prometaphase/metaphase figures with fuzzy chromosomes in which the sister chromatids were closely apposed; in addition, these cells often displayed obvious chromosome breaks ( Figure 8C and Figure S3 ). 15% of the mitotic cells in hybrid male brains were prometaphases/metaphases with well-separated sister chromatids, but in these cells the chromosomes were fuzzy and overcondensed compared with those of the parent species. Although the hypotonic treatment reduces the frequency of anaphases (Gatti and Baker, 1989), we were able to observe 4 anaphases (4% of the mitotic figures), which displayed a higher degree of chromosome condensation than seen in non-hybrid larvae from either species ( Figure 8D ).
To analyze mitotic divisions in a broader context, hybrid male brains not exposed to hypotonic treatment were stained for DNA and with anti-tubulin antibodies. Dividing cells in these brains indeed form a mitotic spindle. Of the mitotic figures scored (52 excluding prophase-like figures, from 12 brains), 37% were prometaphases, 52% metaphases with well-aligned chromosomes, and 11% anaphases ( Figure 9 ). In wild type D. melanogaster male brains, these mitotic figures (n = 100) were 36%, 44% and 20% respectively; in D. simulans (n= 89) they were 30%, 49%, and 21%, respectively. Thus, the rare dividing cells of hybrid males exhibit clear defects in chromosome condensation and integrity. However, these cells appear to have a normal centromere/kinetochore function, as suggested by the ability of the chromosomes to congregate in a metaphase plate and undergo anaphase.
Discussion
Hmr and Lhr do not have a major role in centromere function
Our data clearly show that Hmr and Lhr mutants and Hmr; Lhr double mutants exhibit very similar patterns of chromosome abnormalities. In none of the mutants did we observe hyperploid cells, which are very common in mutants that disrupt kinetochore function or the spindle checkpoint machinery (Smith et al., 1985; Williams et al., 1992; Williams et al., 2007) . Furthermore, we found that the mutants exhibit mitotic indexes and frequencies of well-aligned metaphase plates comparable to those seen in wild type controls. However, we discovered that the mutants have ~6% chromosome aberrations, most of which were incomplete isochromatid breaks that are likely to be generated during anaphase (Mengoli et al., 2014) . Consistent with this idea, 15% of anaphases showed chromatin bridges, broken bridges, and/or acentric fragments caused by breaks in heterochromatin or at the euchromatin/heterochromatin junction. Importantly, however, we never observed anaphases with intact lagging chromosomes, which indicates that the centromeres are properly aligning during metaphase and separating during anaphase. All mutants also showed low frequencies of telomeric fusions. Thus, Lhr and Hmr mutants have a normal centromere and kinetochore function and a weak deficiency in telomere capping but are defective in the separation of sister chromatids during anaphase.
Previous work described Hmr and Lhr as centromere proteins, as reviewed here in the Introduction . We analyzed the localization of Hmr-HA and Lhr-HA in larval brains and
were not able to confirm their centromeric localization. In interphase nuclei Hmr-HA and Lhr-HA were enriched in the chromocenter but did not colocalize with the Cid signals, in contrast to Thomae et al. (2013) . In metaphase, Hmr-and Lhr were also not accumulated on the centromeres, consistent with the observations of Thomae et al. (2013) , though we did find that Hmr is enriched in a region of the 2R hetrochromatin. In addition, we were not able to confirm the major cytogenetic evidence reported by Thomae et al. (2013) 
Hmr and Lhr have a role in sister chromatid separation during anaphase
One of the main questions raised by our results is the mechanism leading to the formation of aberrant anaphases in mutant cells. The main defects observed in the anaphases are continuous or broken bridges between the two daughter chromosome sets. In theory, these chromatin bridges and their broken derivatives might originate from telomeric fusions involving either sister chromatids or single non-sister chromatids. However, bridge formation from such telomeric fusions is unlikely because (i) unambiguous sister telomere fusions were never observed in either wild type and mutant brains, and (ii) fusions between non-sister telomeres, which were present in less than 1% of the cells, cannot account for ~15% aberrant anaphases (Tables 1 and 3 ). Another possible source of anaphase bridges are isochromatid breaks with fusion of the proximal broken ends (sister union).
The presence of a proximal sister union can only be detected in isochromatid breaks broken in euchromatin; if breaks occurred at the euchromatin-heterochromatin junction or purely in heterochromatin, the close apposition of the proximal broken ends prevents reliable evaluation of their possible fusion. Two reasons, however, lead us to believe that the bridges we observe are not generated by sister union isochromatid breaks. First, we did not observe clear sister unions in the few euchromatic isochromatid breaks we detected. Second, sister union heterochromatic isochromatid breaks are expected to give rise to very short bridges and not to the long bridges we observed in the aberrant anaphases.
The most likely mechanism for the anaphase bridges we observed involves a defect in sister chromatid separation and not a centromere or kinetochore dysfunction (Figure 3 ). Sister chromatid separation is a complex process. First, to segregate properly, sister chromatids must condense through the action of the condensin complexes. Indeed, mutations in the Drosophila condensin subunit coding genes gluon (SMC4) and barren (XCAP-H) result in abnormally condensed chromosomes and formation of extensive chromatin bridges at anaphase (Bhat et al., 1996; Steffensen et al., 2001; Somma et al., 2003) . Second, the DNA molecules of the two sister chromatids must be decatenated through the action of topoisomerase II. Accordingly, anaphase chromatin bridges have been observed in Drosophila S2 cells depleted of Topoisomerase II (Chang et al, 2003; Somma et al., 2008; Coelho et al., 2008) and in Top2 mutant brains (Mengoli et al. 2014 ). Some investigators have posited a relationship between these two steps, suggesting that condensin is required for the organization of a correct axial chromatid structure in which topoisomerase II can efficiently promote sister chromatid decatenation (Coelho et al., 2003) . Third, separase mediates the proteolytic degradation of the cohesin complex, so as to allow sister chromatid separation at the metaphase-to anaphase transition. In interphase cells of both Drosophila and vertebrates, cohesin localizes to both heterochromatin and euchromatic chromosome arms.
However, the bulk of cohesin is released from the chromosomes during prophase through a separase-independent mechanism, and returns to the chromosomes during telophase; only very small amounts of cohesin persist between the sister chromatids during prometaphase and metaphase (reviewed by Dorset and Ström, 2012; Hirano, 2015; Uhlmann, 2016) . Thus, the cohesins appear to behave like Hmr and Lhr. Notably, the Drosophila cohesin-loading factor Nipped-B (NIPBL/Scc2) accumulates in heterochromatin including the ectopic heterochromatin regions generated by translocations. Germane to Hmr and Lhr loss of function phenotype, Nipped-B/cohesin accumulation in these regions delays sister chromatid separation during anaphase, leading to stretched chromatids that bridge the two segregating chromosome sets (Oliveira et al., 2014) .
At this stage, we can only speculate about the primary defect in sister chromatid separation leading to chromatin bridges in the mutants. The findings that in Hmr and Lhr mutants metaphase chromosomes are morphologically normal, and anaphase and metaphase defects are rather rare, suggest that potential variation in condensin or Top2 levels would be minimal and difficult to detect.
It is also unlikely that these defects are caused by a direct or indirect defect in Top2 function, because brains from larvae bearing weak mutations in the Top2 gene exhibit a highly specific pattern of incomplete aberrations, involving specific regions of the Y chromosome and a single region of 3L heterochromatin (region 47) (Mengoli et al., 2014) . In contrast, in Hmr and Lhr mutants we observed breaks in both 3L and 3R heterochromatin and in the second chromosome heterochromatin. Thus, we favor the possibility that the anaphase bridges observed in Hmr and Lhr mutant cells result from an aberrant sister chromatid cohesion established during interphase that becomes phenotypically manifest when cells enter anaphase.
Regardless of the underlying mechanism, our observations raise the question of why most complete and incomplete isochromatid breaks are broken at the euchromatin-heterochromatin junctions. The transition between heterochromatin and euchromatin appears to be gradual rather than abrupt in terms of DNA content. The junctions do not contain specific DNA sequences and are instead mosaics of middle-repetitive DNA interspersed with single-copy DNA (Miklos and Cotsell, 1990; Hoskins et al., 2002) . However, there is an obvious change in DNA fiber compaction at the euchromatin-heterochromatin transition that might render these regions prone to breakage when chromatin bridges are pulled by the spindle. To the best of our knowledge, the literature about preferential sites for anaphase bridge rupture is rather limited. In vivo analysis of human cancer cells containing marked repeated DNA inserted into the chromosomes showed that bridges are preferentially severed at sites near the inserted DNA (Shimizu et al., 2005) . In addition, in fixed cells from embryogenic callus cultures, most anaphase bridges occurred within heterochromatic knobs or at the junction between euchromatin and the knobs (Fluminhan and Kameya, 1996) . These reports support the hypothesis that euchromatin-heterochromatin transition regions in anaphase bridges are more prone to breakage than euchromatic regions when pulled by spindle-generated forces. gain-of-function because they are caused by the presence of wild-type alleles, while the intraspecific phenotypes are typically discovered and analyzed using loss-of-function mutations (Maheshwari and Barbash, 2011) .
Do hybrids have a mitotic defect similar to the
Previous research showed that most brain cells of hybrid males are arrested in either the G1 or G2
phase and rarely enter mitosis (Bolkan et al. 2007 ). It has been also reported that a fraction of these cells exhibits highly aberrant chromatin morphology, suggesting that they represent mitotic cells with severely undercondensed chromosomes (Orr et al. 1997) . Furthermore, it has been suggested that hybrid male cells have some form of chromatin defect specific to the X chromosome, a hypothesis supported by interactions between dosage compensation mutations and hybrid viability (Barbash, 2010) . It is challenging to determine if hybrids show a phenotype at least in part comparable to that seen in Hmr and Lhr mutants, due to the relatively low penetrance of these mutant phenotypes in D. melanogaster and the low frequency of mitotic cells in hybrids. We were able to image sufficient mitotic cells in hybrids to conclude that chromosomes align properly during metaphase. Based on this result and the small number of anaphases observed, there is no evidence that hybrid lethality results from centromere or kinetochore dysfunction ( Figure 9 ). We did though identify defects in chromosome condensation and integrity in hybrid males that are reminiscent of those observed in cells depleted of condensins or showing abnormal accumulations of cohesins ( Figure 8 ; Bhat et al., 1996; Steffensen et al., 2001; Somma et al., 2003; Cobbe et al., 2006; Savvidou et al. 2006; Oliveira et al., 2014) . Interestingly, these defects have been shown to interfere with sister chromatid separation leading to anaphase bridges. It will therefore be of interest in future studies to determine whether Hmr and Lhr mutants and interspecific hybrids have altered distributions and functional defects in condensins, cohesins, or cohesin loading/releasing factors. The primary event leading to an ISOB is the formation of a chromatin bridge generated by transient sister chromatid association during anaphase A, represented by an ellipse (see Discussion for possible origin of this association). Anaphase A is characterized by sister chromatid separation and poleward movement of the daughter chromosome sets. In anaphase B the spindle poles move apart, increasing the distance between the two daughter chromosome sets. The anaphase drawing refers to the mitosis in which the anaphase bridge forms and depicts a single chromosome composed of a pair of sister chromatids; centromeres are represented by circles. G1 and metaphase refer to the subsequent cell cycle and show both homologous chromosomes, one of which segregated normally during the previous anaphase. The metaphase configurations are those observed in colchicine treated cells of mutants that are shown in Figure 2 . Stretching of the bridge during anaphase B would result in the resolution of the sister chromatid association and a rupture at the heterochromatin-euchromatin junction. This situation could have three possible outcomes: (i) The acentric fragment (F) segregates with the chromatid to which it was originally attached giving rise to a telophase nucleus containing both homologous chromosomes plus an acentric element (at cell pole 1, P1), and to another nucleus containing only the centric element and no corresponding acentric fragment (at cell pole 2, P2).
(ii) The acentric fragment segregates with its corresponding centric element producing a normal nucleus at P1 and a nucleus bearing a complete ISOB at P2.
(iii) The acentric fragment is lost leading to a normal telophase nucleus at P1 and to a nucleus containing a broken chromosome without the corresponding fragment at P2. This model describes the possible outcomes of a rupture at the heterochromatin-euchromatin junction but could also be extended to ruptures in the euchromatin. Note that Lhr exhibits a dynamic behavior similar to that of Hmr (shown in figure 6 ). In very early prophase, in which only heterochromatin is condensed, Lhr is still associated with the heterochromatin (B), but dissociates from the chromosomes in both late prophase (C) and metaphase (D) cells. Also note that in the early anaphase shown (E), Lhr localizes in regions distal to the Cid signals that probably correspond to the spindle poles; in the late anaphase (F) Lhr is instead localized proximally to the spindle signals and is incorporated into the heterochromatin. See text for a detailed description of the dynamic localization of Lhr. type D. melanogaster and in hybrid males; note that the anaphase chromosomes in the hybrids are more condensed than in control; one of them also exhibits a broken bridge (arrow). Figure 9 . Hybrid males form a mitotic spindle and do not exhibit defects in chromosome alignment at metaphase. A prometaphase and two well-aligned metaphases observed in hybrid males. For control metaphases see Figure 5 ; NB, neuroblast; GMC, ganglion mother cell.
